Studies in this laboratory have shown that long term simian virus 40 (SV40)-specific cytolytic T lymphocyte (CTL) cultures established from the spleens of high responder C57BL/6 (B6; H-2 b) mice exhibit a preference for the selection of H-2Db-restricted CTL clones. In this study, we have investigated the basis for this selection. Limiting dilution cultures were established using responder cells from the popliteal lymph nodes and the spleens of B6 mice immunized subcutaneously in the hind footpads or via the intraperitoneal route, respectively, with syngeneic SV40-transformed cells expressing a full length (1 to 708 amino acid residues) SV40 large T antigen. The relative frequency of CTL precursors (CTLp) able to expand in vitro in the presence of SV40-transformed stimulator cells and interleukin 2 and exhibit lytic activity against H-2 b cells expressing full length T antigen ranged from 1/1900 to 1/15000 in the popliteal lymph node and from 1/8000 to 1/55000 in the spleen. In these two experimental systems, CTLp restricted to H-2K b were apparently present at higher frequency than H-2Db-restricted CTLp. Furthermore, CTLp recognizing determinants within the amino-terminal or carboxy-terminal halves of T antigen were generated in approximately equal numbers. The relative affinity of SV40-specific CTL, assessed by inhibition with anti-Lyt 2 monoclonal antibody, indicated that CTL restricted to H-2D b interacted with their target with greater affinity than CTL restricted to H-2K b. These data suggest that the predominance of isolation of H-2Db-restricted CTL clones from long term in vitro cultures may be a function of the relative affinity of this population as a whole, rather than due to the immunodominance of this subpopulation during the in vivo response to SV40 T antigen.
INTRODUCTION
Murine cells are non-permissive for the growth of simian virus 40 (SV40), but are transformed at high frequency following virus infection or following transfection of viral DNA containing the coding region of the SV40 early region. The transformation event is mediated by an early gene product, designated the large tumour (T) antigen, an Mr 94K protein of 708 amino acid residues (Rigby & Lane, 1983; Tooze, 1980; Butel & Jarvis, 1986) , which is expressed predominantly within the nucleus of the SV40-transformed cell (Soule & Butel, 1979; Tegtmeyer et al., 1975; Tenen et al., 1977) . However, a small proportion of T antigen is found on the surface of transformed cells (Santos & Butel, 1982a; Deppert et al., 1980; Tevethia et al., 1980) in association with a 53K cellular protein (Santos & Butel, 1982b) . SV40 T antigen provides a target for an SV40-specific, H-2-restricted cytolytic T lymphocyte (CTL) response in mice (Gooding & O'Connell, 1983; Pan & Knowles, 1983; Tevethia et al., 1983) . The ability of SV40-specific CTL to recognize and lyse transformed cells has been proposed as a major mechanism by which SV40-induced tumours may be eliminated in vivo (Gooding, 1982) .
Previous work from this laboratory, using long term SV40-specific H-2b-restricted CTL clones, indicated that the large T antigen contains multiple epitopes recognized by CTL (Anderson et al., 1988; Campbell et al., 1983; Tevethia et al., 1984) . Campbell et al. (1983) demonstrated that two H-2Db-restricted, SV40-specific CTL clones, designated K 11 and K 19, recognized distinct epitopes on the basis of their differential reactivity against H-2 b cells transformed by the related human papovavirus BK. These distinct antigenic sites have since been localized to the N-terminal region of SV40 T antigen , defined by amino acid residues 193 to 211 and 220 to 223 for Kll and K19, respectively (Anderson et al., 1988) . O'Connell & Gooding (1984) have mapped CTL-reactive epitopes to amino acid residues 1 to 271 of the N-terminal region of T antigen, using CTL clones generated in C3H mice and restricted to H-2K k. In addition, the same authors identified an epitope recognized by a distinct H-2Kk-restricted CTL clone in the C-terminal region of T antigen, between amino acid residues 512 and 708 (O'Connell & Gooding, 1984) . However, the precise location of antigenic sites recognized by these H-2Kk-restricted CTL clones remains unknown.
A further study of the H-2 b system, using independently derived CTL clones, has identified an additional site in the N-terminal region of T antigen recognized by an H-2Db-restricted CTL . The third site was found to map to amino acid residues 224 to 228, placing it immediately adjacent to one of the sites already identified. At least one major site in the C-terminal region of T antigen recognized by an H-2Kb-restricted CTL clone was also identified . This site has been mapped tentatively between amino acid residues 369 and 511 of T antigen. Taken together, these studies suggest that the predominant response to SV40 T antigen is mediated by H-2Db-restricted CTL which preferentially recognize determinants in the N-terminal half of the molecule.
While the studies using CTL clones have proven invaluable in identifying the most likely candidates for major antigenic sites on T antigen, the clones themselves were derived from bulk cultures passaged at least four times before cloning, and therefore have been subjected to selective pressures not normally encountered during the in vivo response. The question we wished to address in this study was whether or not CTL generated during the response to a single in vivo priming with cell lines synthesizing a full length T antigen exhibit the same reactivity patterns as the long term CTL clones used in the mapping studies. The results of these studies indicate that H-2K b-and H-2Db-restricted CTL precursors (CTLp) are apparently generated with approximately equal efficiency. In fact there appears to be some preference for H-2K brestricted CTLp. Furthermore, CTLp specific for epitopes within the C-terminal and Nterminal halves of T antigen are also generated in approximately equal frequency. Blocking studies suggest that the preference for H-2Db-restricted CTL clone expansion in long term cultures may be due to a higher innate avidity characteristic of this subpopulation. These data suggest that the preferential expansion of H-2Db-restricted CTL clones in long term culture reflects a selective advantage in vitro rather than immunodominance of the epitopes recognized by this subpopulation.
METHODS
Mice and immunization. C57BL/6 (B6) (H-2 b) male mice were obtained at 4 to 5 weeks of age from Jackson Laboratories (Bar Harbor, Me., U.S.A.). Mice were routinely immunized between the ages of 7 to 12 weeks either subcutaneously in each hind footpad, or systemically via the intraperitoneal route, with 1 x 107 SV40-transformed H-2 b cells (B6/WT-19; see Table 1 ).
Cell lines. The cell lines used in this study are shown in Table 1 . The construction of plasmids used to generate the transformed cells of B6 origin has been described previously (Kalderon & Smith, 1984; Anderson et al., 1988; . All cell lines were grown in Dulbecco's modified Eagle's MEM (DMEM) supplemented with 5~ (v/v) foetal calf serum (FCS), 100 units penicillin/ml, 100 ~tg streptomycin sulphate/ml, 2 mM-L-glutamine, 20 mM-HEPES buffer and 0.075~ NaHCO3. All cell lines were free of mycoplasma contamination.
Limiting dilution (LD) cultures. LD cultures were established with lymphocytes obtained from the popliteal lymph node draining the footpad following local immunization, or from the spleen following systemic Habel & Silverberg (1960) immunization. Cultures were established in 96-well round-bottomed microtitre plates (Costar) in Iscove's modified DMEM supplemented with 10~ (v/v) FCS, 100 units penicillin/ml, 100 p.g streptomycin sulphate/ml, 2 m~l-L-glutamine, 20 mM-HEPES buffer, 2 x 10 -s i-2-mercaptoethanol and 0.225 ~ NaHCO3, at responder cell concentrations ranging from 5.0 x 102 to 1-3 x 105 cells/well. Twelve to 18 replicates of each responder cell dilution were routinely used. Each culture well also contained l x 10 s 7-irradiated (2000 fads) spleen cells as fillers, 2 x 103 ~-irradiated (10000 rads) B6/WT-19 cells as stimulators, 2.0 units recombinant interleukin 2 (rlL-2; AmGen, Thousand Oaks, Ca., U.S.A.), supernatant from concanavalin A-stimulated rat spleen cells (2~ v/v) and 100 mM-~-methyl O-mannoside (Sigma). Control cultures contained no responder cells. The cultures were incubated for 7 days at 37 °C in 5~ CO2, and assessed for lytic activity. Assessment oflytic activity in individual LD cultures. Individual cultures were assayed for lytic activity against a panel of target cells labelled with slCr (New England Nuclear) in a standard 5 h s 1Cr release assay . Percent specific lysis was determined as [(E -S)/(M -S)] x 100, where E is the c.p.m, released in the presence of effector cells, S is the c.p.m, released spontaneously from cultures in the absence of effector cells, and M is the maximal releasable c.p.m, determined by the lysis of target cells with 5 ~ (w/v) SDS. Frequency estimates of CTLp able to recognize and lyse each target cell were made using the minimal g2 method (Taswell, 1981) , using a reiterative program written for the Hewlett-Packard HP 250 computer. Cultures were considered to contain at least one CTLp if the levels of specific S~Cr release exceeded by at least 3 standard deviations (S.D.) the mean release from the control cultures. Experiments were considered valid only if the plot of the logarithm of the fraction of negative cultures against the number of responder cells on a linear scale obeyed single order kinetics with a P > 0-05 (Lefkovits & Waldmann, 1979) .
Phenotypic analysis of SV40-specific CTLp. To determine the phenotype of the SV40-specific CTLp, lymphocytes were specifically depleted by negative selection with monoclonal antibodies specific for Lyt 2.2 (H. O. -2.2; Raulet et al., 1980) or L3T4 (GK 1.5; Dialynis et al., 1983) and complement (Low-Tox-M ; Cedarlane, London, Ontario, Canada) by the method described by Flyer et al. (1982) . Lymphocytes were treated either before culture to assess the phenotype of the precursor population, or after culture to assess the phenotype of the effector population.
Blockade of in vitro lytic activity with anti-Lyt 2 antibody. The Lyt 2.2-specific monoclonal antibody 2.43 (Sarmiento et al., 1980) was used to assess the relative avidity of SV40-specific CTL in vitro. Short term oligoclonal cultures were divided into four portions (40 td/well) and assessed for lytic activity in the presence or absence of 40 p~l of 2.43 culture supernatant (titre by immunofluorescence 1/150). Anti-L3T4 (GK 1.5) supernatant (titre 1/320) was used as a control.
RESULTS

Measurement of SV40-specific CTLp in the lymph nodes and spleens of primed mice
An LD culture system was established to estimate the frequency of CTLp specific for the SV40 T antigen expressed at the surface of SV40-transformed B6 (H-2 b) cells. Estimates were made from lymphocytes isolated from the draining popliteal lymph nodes of mice injected with transformed cells in the hind footpads, as a source of cells undergoing a primary response, and from lymphocytes isolated from the spleens of mice injected at least 4 weeks before assay, representing a memory population of cells.
The results in Table 2 provide an indication of the variability inherent in this system. Frequency estimates in the popliteal lymph node ranged from 1 / 1900 to 1 / 15 000, while estimates 
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Variability of frequency analysis of (Taswell, 1981) . § Probability determined by ~2 analysis. Only P values greater than 0.05 are considered valid.
in the spleen ranged from 1/8000 to 1/55000. However, the frequency of reactivity against antigenically unrelated B6/Py ceils was always lower (six-to 25-fold) than against B6/WT-19 cells. The variability was not due to the period of time after immunization, the passage number of the SV40-transformed stimulator cell population, or to the levels of exogenous rlL-2 or other differentiation factors present in the culture. The key points are that, in general, the frequency of CTLp in the lymph node is higher than in the spleen, and that the response is specific for SV40, as demonstrated by the low frequency of CTLp able to recognize B6 cells transformed by polyoma virus (B6/Py). This specificity is confirmed in Fig. I , which shows that neither PSC3H, an SV40-transformed cell line ofC3H (H-2 k) origin, expressing unrelated class I H-2 antigens on its surface, nor B6/Py, were lysed. In addition, the CTL precursor and the lytic effector progeny expressed the L3T4-Lyt 2 + phenotype of the classical class I-restricted SV40-specific CTL (Fig. 2) .
Relative frequency of SV40-specific H-2I~-and H-2Db-restricted CTL
B6 mice generate an SV40-specific CTL response restricted to both H-2K b and H-2D b (Gooding et al., 1979a; Knowles et al., 1979; Pfizenmaier et al., 1978 Pfizenmaier et al., , 1980 . Previous studies in this laboratory have led to the isolation of CTL clones specific for discrete epitopes of T antigen (Campbell et al., 1983; Anderson et al., 1988; . The majority of CTL clones isolated from long term bulk cultures are restricted to H-2D u, suggesting that the CTL repertoire may be skewed to recognize T antigen predominantly in association with this restriction element in B6 mice. To investigate whether this was also true of CTL isolated directly from immunized mice, the frequencies of CTLp in the lymph node or spleen were analysed against target cells expressing either H-2K u or H-2D u.
In the popliteal lymph node during the primary response, the CTLp frequency against the recombinant cell line expressing only H-2K b (K5RSV) was higher than that detected against the cell line expressing only H-2D b (KHTGSV) ( Table 3) . However, although this was a consistent result in repeated experiments, these frequency estimates overlapped at the 95~ level of confidence, indicating that operationally the frequencies of H-2K u-and H-2Db-restricted CTLp were essentially identical. Similar results were observed for CTLp isolated from the spleen ( Table 3 ). These data suggest that the selection for H-2Db-restricted CTL clones in long term culture may be a reflection of selective pressures in vitro rather than a selection of the CTL repertoire during the response in vivo.
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Relative frequencies of SV40-specific CTLp recognizing epitopes in the No or C-terminal regions of T antigen
Previous studies in this laboratory have identified three tightly clustered epitopes recognized by H-2Db-restricted CTL clones within the N-terminal half of T antigen, defined by amino acid residues 191 to 211,220 to 223, and 224 to 228, and at least one epitope within the C-terminal half recognized by a H-2Kb-restricted CTL clone, although the amino acids defining this epitope have not been defined . Clones specific for the N-terminal epitopes are isolated at a higher frequency than clones specific for the C-terminal epitope(s), and studies with 14 independently derived clones have confirmed these initial observations (Y. Tanaka & S. Tevethia, unpublished results). The long term CTL clone data suggest that the N-terminal epitopes may be preferentially recognized by the SV40-specific CTL response. This was also investigated in short term expansion cultures under LD conditions. LD cultures were analysed for CTLp frequencies against different cell lines that express only the N-or C-terminal epitopes. The cell line B6-K/SlI-S24 expresses a T antigen missing amino acids 127 to 250 and encompasses all the antigenic sites identified so far in the N-terminal half of T antigen . The cell line B6/pSV3T3-20GV synthesizes a T antigen containing amino acids 1 to 368, or the entire N-terminal half of T antigen. Therefore, CTL recognizing N-terminal antigenic sites will lyse B6/pSV3T3-20GV cells, and CTL directed to antigenic sites outside residues 127 to 250 will lyse B6-K/S11-$24 cells. The results in Table 4 show that, within the reproducibility limits of the LD assay, the frequencies of CTLp generated in the lymph node or spleen and able to recognize and lyse either of these two cell lines are the same. These results argue against the likelihood that epitopes within either the N-or C-terminal half of T antigen may be immunodominant in vivo.
Relative avidity of SV40-specific CTL specific for H-21d' and H-2D b restriction elements
The finding that a large proportion of SV40-specific CTL clones isolated from bulk culture are restricted to H-2D b, while the relative frequency of H-2K b-and H-2Db-restricted CTL generated during the response in vivo are similar, suggests a fundamental difference between these two populations. One explanation may be the relative avidities of the two populations. It has been shown that low avidity CTL clones have a greater requirement for the accessory molecule Lyt 2 for optimal CTL/target cell interaction, as measured by inhibition by antibodies specific for Lyt 2 (MacDonald et al., 1981 (MacDonald et al., , 1982 . Therefore, the ability of anti-Lyt 2 antibody (2.43) to inhibit short term SV40-specific CTL clones was investigated. Short term oligoclonal cultures were established at 1 × 104 responder cells per well, and assayed against K5RSV and KHTGSV target cells in the presence or absence of 2.43. It was found (Fig. 3 ) that anti-Lyt 2 was able to inhibit lysis of both target ceils, but the level of inhibition against K5RSV, expressing only H-2K b, was greater. The lysis of K5RSV target cells was inhibited by an average of 76-9 % (range 33.4 to 100 %), while the lysis of KHTGSV was inhibited by an average of 40-0 % (range 0 to 66.8 ~o). This suggests that the in vitro selection for CTL clones restricted to H-2D b in long term cultures is a function of an innate higher avidity, leading to an increased ability to compete for stimulating antigen and subsequently to greater levels of proliferation.
DISCUSSION
The murine CTL response to SV40 has been studied extensively and characterized. These studies have shown that the large T antigen is the target protein for CTL (Gooding & O'Connell, 1983; Pan & Knowles, 1983; Tevethia et al., 1980 Tevethia et al., , 1983 , and that T antigen is recognized by CTL in association with the class I H-2 gene products on the surface of the target cell (Gooding, 1979b; Knowles et al., 1979; Gooding & Edwards, 1980) . Through the use of mice with recombinations within the H-2 complex, it has been clearly shown that certain alleles confer responsiveness, while others are non-responsive (Gooding, 1979a; Knowles et al., 1979; Pfizenmaier et al., 1978 Pfizenmaier et al., , 1980 . This difference in responsiveness is thought to reflect differences in the ability of T antigen to associate physically with the individual class I H-2 glycoproteins (Gooding, 1980) . During the course of our studies on CTL-reactive epitopes of SV40 large T antigen in the high responder B6 (H-2 b) mouse strain, 18 distinct CTL clones have been expanded and characterized. The majority, 14 CTL clones, are restricted to H-2D b, and recognize epitopes in the N-terminal half of the molecule. This suggests that H-2Db-restricted CTL may have a selective advantage over H-2Kb-restricted CTL under in vitro culture conditions, either because they represent the major CTL population generated during the response to SV40, or because they possess a greater ability to expand in vitro.
We have investigated the characteristics of the anti-SV40 CTL response in B6 mice at the precursor level by LD analysis to discern the possible reasons for the higher isolation rate of H2Db-restricted, SV40-specific CTL clones. LD analysis has been used extensively to analyse the CTL response at the precursor level in a number of experimental virus systems (Allouche et al., 1982; Jennings et al., 1984; Reddehase et al., 1982; Rouse et al., 1983) , and has been an invaluable tool for the analysis of the relative importance of individual viral proteins in the overall CTL response (Glorioso et al., 1985; Pala & Askonas, 1986; Koszinowski et al., 1987) . The SV40-specific CTLp and the effector CTL generated from the precursors in vitro exhibited the typical characteristics of SV40-specific CTL generated in bulk culture (Flyer et al., 1982) , as they are class I H-2-restrieted, not cross-reactive with cells transformed with polyoma virus ( Fig.  1 and 2) , and of the L3T4-Lyt 2 + phenotype (Fig. 3) .
One explanation for the higher isolation rate of H-2Db-restricted, SV40-specific CTL clones is that, during the generation of the immune response to SV40 T antigen in vivo, CTL restricted to H-2D b and recognizing epitopes within the N-terminal half of T antigen are generated at a higher frequency than CTL restricted to H-2K b. However, the data presented in this study suggest this is not the case. In fact, if anything, H-2Kb-restricted CTL appear to be generated at a higher frequency than CTL restricted to H-2D b. A second possibility may be that SV40 T antigen is a limiting factor on the cell surface of the transformed cell, and H-2D b is more effective in competing for binding and physical association than H-2K b (Gooding, 1980) . However, H-2K b and H-2D b are equally effective when acting as restriction elements (Pfizenmaier et al., 1980) . This suggests that even if there is a greater level of binding of T antigen to H-2D b T antigen is not a limiting factor in this system. A third possibility is that H-2Db-restricted CTL recognize T antigen in association with the appropriate restriction element with higher affinity than do CTL restricted to H-2K b. This possibility was supported in this study by the finding that H-2Kb-restricted SV40-specific CTLp, expanded under oligoclonal LD conditions, were more susceptible to inhibition by anti-Lyt 2 antibody than were H-2D brestricted CTLp. Inhibition by anti-Lyt 2 antibody has been shown to reflect the relative affinity of the CTL/target cell interaction (MacDonald et aL, 1981 (MacDonald et aL, , 1982 . This suggests that the selection for H-2Db-restricted CTL in long term cultures is a reflection of the greater capacity of this subpopulation of CTL to interact with the stimulator cells, or the requirement for relatively lower levels of antigen of this subpopulation of CTL to be activated to proliferate. This implies that long term H-2Db-restricted CTL clones should differ from long term H-2Kb-restricted CTL clones in two fundamental characteristics. Firstly, they should have a higher affinity for their target cell, and therefore should be less susceptible to the inhibitory action of anti-Lyt 2 antibody. Secondly, they should be activated and induced to proliferate by lower antigen concentrations than H-2Kb-restricted CTL. Both of these characteristics are presently under investigation.
It is probable that SV40-specific CTL recognize short, processed peptides of T antigen corresponding to the epitopes mapped in a previous study (Anderson et al., 1988; in association with the appropriate restriction element, as has been shown for influenza virus nucleoprotein (Townsend et al., 1986) . One explanation for the innate higher affinity of the H-2Db-restricted CTL may be that the peptides which associate with H-2D b themselves have a higher affinity for their restricting element than those which associate with H-2K b. This higher affinity interaction between peptide and restriction element may then be reflected by a higher affinity of the H-2Db/T antigen T cell receptor, as has been shown for influenza nucleoproteinspecific CTL clones (Bodmer et al., 1988) . The relative affinity of synthetic peptides corresponding to the CTL-recognized epitopes of T antigen is currently under investigation.
In conclusion, we have shown, by LD analysis, that the predominance of H-2Db-restricted SV40-speciflc CTL clones isolated from long term cultures does not reflect a higher frequency of CTLp in vivo, but reflects an innate higher affinity of this subpopulation for antigen. The availability of transformed cell lines with deletions of T antigen leading to the loss of specific CTL-reactive epitopes (Anderson et al., 1988; Tanaka et al., 1988), or cell lines selected in vitro in the presence of CTL for the loss of these epitopes (Tanaka & Tevethia, 1988) , should allow a detailed analysis of the relative frequency of the CTL recognizing these epitopes, and should provide a unique opportunity to study at the molecular level the immune response to a tumourassociated antigen.
